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A B S T R A C T   

The Nordic countries (Denmark, Finland, Iceland, Norway, and Sweden) have effectively kept lower antibiotic- 
resistant bacterial (ARB) pathogen rates than many other countries. However, in recent years, these five coun
tries have encountered a rise in ARB cases and challenges in treating infections due to the growing prevalence of 
ARB pathogens. Wastewater-based surveillance (WBS) is a valuable supplement to clinical methods for ARB 
surveillance, but there is a lack of comprehensive understanding of WBS application for ARB in the Nordic 
countries. This review aims to compile the latest state-of-the-art developments in WBS for ARB monitoring in the 
Nordic countries and compare them with clinical surveillance practices. After reviewing 1480 papers from the 
primary search, 54 were found relevant, and 15 additional WBS-related papers were included. Among 69 studies 
analyzed, 42 dedicated clinical epidemiology, while 27 focused on wastewater monitoring. The PRISMA review 
of the literature revealed that Nordic countries focus on four major WBS objectives of ARB: assessing ARB in the 
human population, identifying ARB evading wastewater treatment, quantifying removal rates, and evaluating 
potential ARB evolution during the treatment process. In both clinical and wastewater contexts, the most studied 
targets were pathogens producing carbapenemase and extended-spectrum beta-lactamase (ESBL), primarily 
Escherichia coli and Klebsiella spp. However, vancomycin-resistant Enterococcus (VRE) and methicillin-resistant 
Staphylococcus aureus (MRSA) have received more attention in clinical epidemiology than in wastewater 
studies, probably due to their lower detection rates in wastewater. Clinical surveillance has mostly used 
culturing, antibiotic susceptibility testing, and genotyping, but WBS employed PCR-based and metagenomics 
alongside culture-based techniques. Imported cases resulting from international travel and hospitalization 
abroad appear to have frequently contributed to the rise in ARB pathogen cases in these countries. The many 
similarities between the Nordic countries (e.g., knowledge exchange practices, antibiotic usage patterns, and the 
current ARB landscape) could facilitate collaborative efforts in developing and implementing WBS for ARB in 
population-level screening.   

1. Introduction 

Antibiotics are an important part of modern medicine, extensively 
used for therapeutic and prophylactic purposes in human and veterinary 
health care and the treatment of infections. However, antimicrobial 

resistance (AMR) has become one of the most serious global public 
health concerns due to the development and spread of resistance 
mechanisms, where bacteria reduce their susceptibility to antibiotics 
and treatment thus becoming less effective, leading to increasing 
morbidity, mortality, prolonged hospital stays, and increased healthcare 
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costs (Muray et al., 2022). 
The Nordic countries (Denmark, Finland, Iceland, Norway, Sweden, 

and their autonomous regions) are known for successfully maintaining a 
low prevalence of antibiotic-resistant bacterial (ARB) pathogens 
(WHO-ECDC, 2022). However, in recent years, the Nordic countries 
have faced an increase in ARB rates, particularly carbapenemase- and 
extended-spectrum beta-lactamase (ESBL)-producing Enterobacterales 
(e.g., Escherichia coli and Klebsiella spp.), vancomycin-resistant Entero
coccus (VRE), and methicillin-resistant Staphylococcus aureus (MRSA), 
largely due to international travel, hospitalization abroad, and immi
gration from ARB hotspot regions (Elstrøm et al., 2019; Espenhain et al., 
2018; Ferløv-Schwensen et al., 2017; Gladstone et al., 2021; Helgason 
et al., 2016; Ingefors et al., 2022; Kanerva et al., 2015; Møller et al., 
2019; Nielsen et al., 2022; Pinholt et al., 2019; Räisänen et al., 2020; 
Southon et al., 2020). On top of this, the effect of ongoing global 
warming and multiple recurring pandemics (such as COVID-19) on the 
abundance of ARB pathogens in this region is unknown. Therefore, the 
prevalence of ARB in the Nordic region may not remain low in the 
future. 

Surveillance (i.e., thorough and careful monitoring) of ARB increases 
knowledge about their dissemination, helps in taking timely and 
appropriate management actions, and helps physicians with the wise 
selection of antibiotics for treatment (WHO, 2015). Currently, the 
member countries of the European Union/European Economic Area 
(EU/EEA) report the ARB pathogen status determined from invasive 
isolates (blood and cerebrospinal fluid) to the European Antimicrobial 
Resistance Surveillance Network (EARS-Net) as a regulatory surveil
lance approach (WHO-ECDC, 2022). EARS-Net covers resistance to eight 
pathogens, namely E. coli, Klebsiella pneumoniae, Pseudomonas aerugi
nosa, Acinetobacter species, Streptococcus pneumoniae, S. aureus, Entero
coccus faecalis, and Enterococcus faecium (WHO-ECDC, 2022). The Nordic 
countries, except for Norway, also engage in the Global Antimicrobial 
Resistance and Use Surveillance System (GLASS), a surveillance mech
anism led by the World Health Organization (WHO) (Table 1). This 
program compiles global data on certain ARB pathogen targets collected 
from blood, urine, and stool samples, and urethral and cervical swabs 
(GLASS, 2022). The Nordic countries, except for Iceland, have estab
lished nationwide AMR surveillance systems: the Danish Integrated 
Antimicrobial Resistance Monitoring and Research Programme (DAN
MAP, 2023), the Finnish Study Group for Antimicrobial Resistance 
(FiRe, 2023), the Norwegian Surveillance System for Antimicrobial Drug 
Resistance (NORM, 2023), and Swedish Antibiotic Sales and Resistance 
in Human Medicine (SWEDRESS, 2023). These currently existing sur
veillance approaches provide comprehensive information on the most 
clinically significant ARB pathogens annually reported. 

Wastewater-based surveillance (WBS) has emerged as a comple
mentary tool to the current AMR/ARB pathogen surveillance, mostly but 
not solely at the human population level (Aarestrup and Woolhouse, 
2020; Huijbers et al., 2019; Tiwari et al., 2022a). ARB pathogens and 
their genetic markers are excreted from feces, urine, nasal mucus, skin, 
and sputum to the sewage system soon after the beginning of infections 
and during different stages of infections (e.g., symptomatic, 

asymptomatic, pre-symptomatic, post-symptomatic) (Aarestrup and 
Woolhouse, 2020; Tiwari et al., 2022a). WBS is independent of the 
healthcare-seeking behavior of people and their access to healthcare 
facilities and tests (Diemert and Yan, 2019; Flach et al., 2021). Thus, 
WBS provides spatiotemporal information on the general prevalence of 
ARB pathogens, and, in principle, has the potential to provide infor
mation on the circulation of pathogens of all symptomatic and asymp
tomatic individuals in real time or even many days before the 
availability of clinical monitoring data (Blaak et al., 2021; Huijbers 
et al., 2019, 2020; Karkman et al., 2020; Pärnänen et al., 2019). As the 
WBS approach does not collect samples on an individual level, it has 
minimal legal and ethical challenges and individual privacy concerns 
(Auguet et al., 2021; Bowes et al., 2023). Because the cost of analysis of a 
wastewater sample for a pathogen is almost equivalent to the analysis of 
the pathogen in a clinical sample, WBS is a cost-effective approach for 
obtaining nearly real-time information about the circulation of a path
ogen at the population level (Tiwari et al., 2023a). WBS also considers 
ARB profiles from the normal gut flora. This is crucial, because the 
development of antibiotic resistance is complex, with resistance genes 
frequently being transferred through horizontal gene transfer within 
mobile genetic elements (Carlet, 2012; Langdon et al., 2021). 

The Nordic countries have employed WWS for monitoring ARB for 
many years (Flach et al., 2018, 2021; Grevskott et al., 2021; Heljanko 
et al., 2023; Huijbers et al., 2020; Hutinel et al., 2019; Jakobsen et al., 
2008; Jørgensen et al., 2017; Khan et al., 2018, 2019; Kwak et al., 2015; 
Marathe et al., 2021; Paulshus et al., 2019a, 2019b; Radisic et al., 2023; 
Tiwari et al., 2022b, 2023b). However, there is currently a lack of a 
comprehensive understanding of the application of WBS for ARB in 
these countries. Here, we systematically reviewed the existing published 
peer-reviewed literature to provide an up-to-date overview of the status 
of monitoring for ARB pathogens in the Nordic countries through WBS. 
This study compiled existing knowledge regarding the WBS of ARB in 
these countries and identified potential discrepancies among these 
countries. It comprehensively compared the spatial trends of ARB in 
wastewater with current clinical surveillance studies to assess the extent 
to which wastewater monitoring parameters reflect clinically reported 
ARB and their associated genes. Additionally, this study has presented 
data on the prevalence of ARB in wastewater effluent and examines the 
associated public and environmental health concerns across the Nordic 
countries. The aspiration here is that this comparative analysis validates 
the usability of WBS in monitoring ARB and contribute to the 
advancement of WBS as a reliable source of information at the popula
tion level. Additionally, we anticipate that this study deepens our 
comprehension of the effectiveness of WBS and establish a standardized 
method for implementing WBS of ARB in the Nordic countries, given 
their commonalities and similarities (Fig. 1 and Table 1). A common 
regional strategy for WWS of ARB, like this, can serve as a successful 
example and inspiration for other regions worldwide. 

2. Methodology 

We followed the Preferred Reporting Items for Systematic Reviews 

Table 1 
Coordination and surveillance characteristics of ARB in Nordic countries, 2020 (WHO-ECDC, 2022).  

Country WHO AMR 
focal point 
appointed by 
the Ministry of 
Health/area 
agency 

Multisectoral and 
One Health 
collaboration/ 
coordination 

AMR action 
plan 
developed 

National 
surveillance 
system for AMR 
in humans 

Submits data to 
a regional 
network for 
AMR 
surveillance 

Participates in a 
regional 
external quality 
assessment 
scheme 

Enrolled 
in GLASS 

Infection 
prevention and 
control in 
human health 
care 

Optimizing 
antimicrobial 
use in human 
health 

Denmark Yes Excellent Yes Excellent Yes Yes Yes Very Good Very Good 
Finland Yes Very Good Yes Very Good Yes Yes Yes Excellent Very Good 
Iceland Yes Excellent Yes Excellent Yes Yes No Good Very Good 
Norway No Excellent Yes Excellent Yes Yes Yes Excellent Excellent 
Sweden Yes Excellent Yes Excellent Yes Yes Yes Excellent Excellent  
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and Meta-Analyses (PRISMA) guidelines for searching and reporting the 
literature review (Moher et al., 2009). Based on our study objectives, the 
systematic review sought literature related to human clinical epidemi
ology and (municipal and hospital) wastewater surveillance of ARB 
conducted in the Nordic countries. Three-stage screening strategies were 
applied to narrow down the search list at each stage, with (a) initial 
screening of the title, (b) careful reading of the abstract, and (c) thor
ough reading of the full paper (Fig. 2) (Moher et al., 2009). 

A Boolean search technique was used in searching the literature by 
combining keywords with “AND” and “OR” in PubMed, Science Direct, 
Google Scholar, Web of Science, and Scopus, as in our earlier systematic 
reviews (Tiwari et al., 2022a, 2023a). Details of the search keywords are 
reported in Supplementary Material 1. Literature was retrieved from 
databases on a single day (January 22, 2023) with multiple search at
tempts. At first, all articles obtained from the primary search were saved 
in the reference management tool EndNote (Clarivite Analytics). Then, 
an automatic deduplication tool, “Find Duplicates,” was used to remove 
duplicate publications obtained from various search engines. After this, 
the titles of the remaining papers were carefully screened to remove 
irrelevant and duplicate literature. In the next step, the abstracts of the 
remaining articles were carefully reviewed to find appropriate literature 
based on the research objectives. For clinical surveillance, studies col
lecting samples between 2010 and 2022 were considered. Regarding 
papers reporting wastewater monitoring for ARB, all available papers 
were considered and evaluated. The justification of the cutoff time point 
was two-fold: to evaluate the recent research trends and ARB burdens in 
the study area and, secondly, to gather enough research papers to enable 
comparison between the two types of data. 

During the initial search, we included studies published in the En
glish language without any restriction on the publication year. We 

excluded research that was not conducted in the Nordic countries, that 
was published in languages other than English, or that focused on vet
erinary or other zoonotic cases. We also excluded clinical case reports 
that described the treatment history or progress of a single patient, as 
well as technical reports, university theses, conference proceedings, and 
abstracts. Additionally, secondary literature (e.g., review papers and 
book chapters), letters to editors, and papers dealing with engineering, 
methodology, and modeling that did not report real epidemiological 
cases were also excluded. We further screened for additional relevant 
literature by reviewing the reference lists (based on screening of titles) 
of six previously published review papers with similar objectives (Aar
estrup and Woolhouse, 2020; Chau et al., 2022; Karkman et al., 2018; 
Miłobedzka et al., 2022; Pruden et al., 2021; Tiwari et al., 2022a). 
Subsequently, we grouped the studies into two indistinct groups for 
further analysis: clinical surveillance and wastewater testing (Supple
mental Data Sheet). 

3. Results 

3.1. Literature screening 

A total of 1480 papers were initially retrieved from the primary 
database search (Fig. 2). After deduplication with an automated tool, a 
total of 533 papers remained. Subsequently, manual screening of the 
titles of these retrieved papers narrowed the selection to 452 papers. 
Further refinement involved excluding papers published before 2010 in 
clinical testing and those related to the animal and veterinary field, after 
which in a total of 194 papers remained. A thorough examination of the 
abstracts of these papers led to the selection of a total of 78 papers for a 
more comprehensive review. After a thorough reading of these papers, 

Fig. 1. Similarities and common values of the Nordic countries (Björkman et al., 2021; EC, 2020; Korhonen, 2018; Nordic cooperation, 2023; Time and Veggeland, 
2020; Tiwari et al., 2021a). 
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24 papers were subsequently excluded. The exclusions encompassed 
conference proceedings, methodology papers, engineering papers that 
introduced ARG or ARB into a simulated treatment processes to assess 
the reductions, book chapters, review papers, reports based on clinical 
samples collected before 2010, and papers published in languages other 
than English. As a result, 54 papers were retained for final consideration. 
Furthermore, an additional fifteen papers were considered: twelve pa
pers retrieved from a reference search of published review papers 

(Aarestrup and Woolhouse, 2020; Chau et al., 2022; Karkman et al., 
2018; Miłobedzka et al., 2022; Pruden et al., 2021; Tiwari et al., 2022a) 
and an additional three papers obtained based on expert recommenda
tions. These publications were missed in the initial search due having 
broad titles that lacked the search keywords (Supplemental List 3). 
Regarding wastewater surveillance papers, we included all papers 
available in the database and a select few from additional sources to 
maintain a balance in the number of papers between clinical studies and 

Fig. 2. Flow chart of the systematic review with inclusion and exclusion criteria for literature.  
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wastewater surveillance for comparisons. Herein, this study encom
passed a total of 69 papers for final consideration, and out of these, 42 
papers pertained to clinical reporting, while the remaining 27 papers 
reported on wastewater monitoring for the surveillance of ARB or ARGs. 

Bacteria of the order Enterobacterales, including E. coli, 
K. pneumoniae, and C. freundii, were the main targets in both clinical and 
wastewater studies. For example, among clinical studies, a total of 23 
out of 42 papers (54.8%) focused on infections caused by the Enter
obacterales (Córdoba et al., 2017; Elstrøm et al., 2019; Fladberg et al., 
2017; Gladstone et al., 2021; Hammerum et al., 2020; Hansen et al., 
2020; Holmbom et al., 2020; Kanerva et al., 2012, 2015; Löfmark et al., 
2015; Mehl et al., 2017; Österblad et al., 2012; Räisänen et al., 2020, 
2021; Ramstad et al., 2021; Richelsen et al., 2020; Roer et al., 2017; 
Samuelsen et al., 2017, 2018; Sundvall et al., 2014; Thaulow et al., 
2021; van Beek et al., 2019; Zykov et al., 2016). When considering the 
studies country-wise, in all the countries except Iceland, Enterobacterales 
was the most frequently targeted group in clinical testing (Table 2). Two 
species were solely targeted in clinical studies: S. aureus in nine studies 
(Di Ruscio et al., 2018; Edslev et al., 2018; Elstrøm et al., 2019; Eriksson 
et al., 2019; Fang et al., 2016; Holmbom et al., 2020; Kanerva et al., 
2012; Møller et al., 2019; Nielsen et al., 2022) and Enterococcus spp. in 
seven studies (Elstrøm et al., 2019; Holmbom et al., 2020; Kaarme et al., 
2015; Kanerva et al., 2012; Pinholt et al., 2017, 2019; Sundvall et al., 
2014). Regarding wastewater monitoring studies, 17 out of 18 studies 
that utilized culture-based methods in wastewater monitoring targeted 
Enterobacterales groups (Flach et al., 2018, 2021; Grevskott et al., 2021; 
Heljanko et al., 2023; Huijbers et al., 2020; Hutinel et al., 2019; Iversen 
et al., 2002; Jakobsen et al., 2008; Khan et al., 2018, 2019; Kwak et al., 
2015; Marathe et al., 2021; Paulshus et al., 2019a,b; Paulshus et al., 
2019a,b; Radisic et al., 2023; Tiwari et al., 2022b, 2023b) (Fig. 3 and 
Supplemental Data Sheet S1). In wastewater monitoring, six studies 
monitored ARGs with qPCR or high-throughput qPCR (Cacace et al., 
2019; Flach et al., 2021; Hutinel et al., 2022; Karkman et al., 2016; Laht 
et al., 2014; Majlander et al., 2021) and four studies targeted ARGs with 
metagenomics (Bengtsson-Palme et al., 2016; Brinch et al., 2020; 
Markkanen et al., 2023; Pärnänen et al., 2019). 

Regarding clinical specimen types, 39% originated from blood/ce
rebral fluid, 14% from nasal swabs/upper respiratory tracts, and 10% 
from skin/soft tissue areas such as the eye and ear. It is worth noting that 
microbial loads to the wastewater system from these tissues can be 
relatively low compared to loads from stool and urine. The stool and 
urine samples collectively accounted for about 37% of the clinical 
specimens included in screening tests. Urine and catheter samples are 
typically collected when urinary tract infections (UTI) are suspected, 

and stool and rectal swab samples are taken when investigating the 
causes of gastrointestinal infections and for screening purposes (Kaarme 
et al., 2015; Löfmark et al., 2015; Österblad et al., 2012; Samuelsen 
et al., 2017). On the other hand, wastewater studies involved the 
collection of samples from various sampling locations, including in
fluents and effluents of municipal wastewater treatment plants, raw 
sewage from hospitals, and recipient waters after the release of sewage 
effluent (Fig. 4). Currently, most of these studies represent academic 
research conducted over certain time frames and in specific locations. As 
a result, there is a noticeable absence of continuous, long-term data from 
wastewater monitoring in the existing literature. 

3.2. Clinical studies on antibiotic-resistant bacteria in the Nordic 
countries 

This literature review revealed variation in ARB pathogens between 
the Nordic countries, depending on the bacterial species and antibiotic 
classes (Table 3). Nevertheless, the variation was not as high as with 
many other EU/EEA countries (Tables S1 and S2) (WHO-ECDC, 2022). 
Among the Nordic countries, based on the percentage of invasive iso
lates with an ARB phenotype reported in EARS-Net (2016–2020), (a) 
Denmark had the highest percentage of vancomycin-resistant E. faecium, 
fluoroquinolone-resistant Acinetobacter spp., and carbapenem-resistant 
K. pneumoniae, (b) Finland had the highest percentage of 
fluoroquinolone-resistant P. aeruginosa, (c) Iceland had highest per
centage of aminopenicillin-resistant E. coli, gentamicin-resistant 
E. faecalis, penicillin-resistant, and macrolide-resistant S. pneumoniae, 
(d) Norway had highest percentage of fluoroquinolone-resistant 
K. pneumoniae, and (e) Sweden had highest percentage of fluo
roquinolone and aminoglycoside-resistant E. coli and 
carbapenem-resistant P. aeruginosa (see resistance rates in each country 
in Table 3). According to EARS-Net (2016–2020), when considering 
only K. pneumoniae and E. coli, third-generation cephalosporin resistance 
was generally higher in E. coli and carbapenemase resistance was higher 
in K. pneumoniae (see resistance rates in Table 3). Overall, carbapenem 
resistance was higher in P. aeruginosa and Acinetobacter spp. than in 
K. pneumoniae, and rare in E. coli due to their unique resistant mecha
nism. Furthermore, fluoroquinolone and aminoglycoside resistance was 
relatively higher in E. coli (Table 3).  

a) Enterobacteriaceae 

A total of 23 out of 41 clinical studies (54.8%) reported bacterial 
infections caused by Enterobacterales, mostly E. coli, K. pneumoniae, and 

Table 2 
Targeted ARB in clinical surveillance in the Nordic countries.  

Country Bacterial group 

Enterobacterales S. aureus Enterococcus spp. Others 

Denmark Six studies (Córdoba et al., 2017; Hammerum et al., 
2020; Hansen et al., 2020; Richelsen et al., 2020; Roer 
et al., 2017; Samuelsen et al., 2018) 

Three studies (Edslev 
et al., 2018; Møller et al., 
2019; Nielsen et al., 2022) 

Two studies (Pinholt 
et al., 2017, 2019) 

One each targeted Bacteroides fragilis ( 
Ferløv-Schwensen et al., 2017), H. influenzae ( 
Fuursted et al., 2016), and A. baumannii ( 
Hammerum et al., 2015) 

Finland Six studies (Kanerva et al., 2012, 2015; Österblad et al., 
2012; Räisänen et al., 2020, 2021; van Beek et al., 
2019) 

One study (Kanerva et al., 
2012) 

One study (Kanerva 
et al., 2012) 

One study H. pylori (Kostamo et al., 2011), one 
study Pseudomonas aeruginosa, and Acinetobacter 
spp. (Kanerva et al., 2012) 

Iceland    S. pneumoniae (Hjálmarsdóttir et al., 2020) and 
S. pyogenes (Southon et al., 2020). 

Norway Eight studies (Elstrøm et al., 2019; Fladberg et al., 2017; 
Gladstone et al., 2021; Mehl et al., 2017; Ramstad et al., 
2021; Samuelsen et al., 2017; Thaulow et al., 2021;  
Zykov et al., 2016) 

Two studies (Di Ruscio 
et al., 2018; Elstrøm et al., 
2019) 

One study (Elstrøm 
et al., 2019) 

One study H. influenzae (Tønnessen et al., 2022). 

Sweden Three studies together with multiple pathogens ( 
Holmbom et al., 2020; Löfmark et al., 2015; Sundvall 
et al., 2014) 

Three studies (Eriksson 
et al., 2019; Fang et al., 
2016; Holmbom et al., 
2020) 

Two studies (Holmbom 
et al., 2020; Sundvall 
et al., 2014) 

Two studies Acinetobacter species (Holmbom et al., 
2020; Ingefors et al., 2022), S. pneumoniae ( 
Holmbom et al., 2020) 
& one study H. influenzae (Tyrstrup et al., 2017) 

Note: Elstrøm et al. (2019), Holmbom et al. (2020), Kanerva et al. (2012), and Sundvall et al. (2014) targeted multiple targets. 
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C. freundii (Córdoba et al., 2017; Fang et al., 2016; Fladberg et al., 2017; 
Gladstone et al., 2021; Hammerum et al., 2020; Hansen et al., 2020; 
Holmbom et al., 2020; Kanerva et al., 2012, 2015; Löfmark et al., 2015; 
Mehl et al., 2017; Österblad et al., 2012; Räisänen et al., 2020, 2021; 
Ramstad et al., 2021; Richelsen et al., 2020; Roer et al., 2017; Samuelsen 

et al., 2017, 2018; Sundvall et al., 2014; Thaulow et al., 2021; van Beek 
et al., 2019; Zykov et al., 2016). Most of these studies targeted E. coli 
from bloodstream infections and UTIs. 

In Denmark, a hospital outbreak of blaNDM-5-producing 
K. pneumoniae was reported in 2014 (Hammerum et al., 2015). 

Fig. 3. Targets and microbes in reported ARB studies in the Nordic countries: A) Clinical surveillance and B) Wastewater testing.  

Fig. 4. Wastewater sample collection locations in reported studies in the Nordic countries.  
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Table 3 
Percentage of isolates with an ARB phenotype (%) in the Nordic countries by bacterial species and antibiotic group/agent, population-weighted EU/EEA mean, 2016–2020 (WHO-ECDC, 2022).  

Pathogen Reporting year Denmark Finland Iceland Norway Sweden 

2016 2017 2018 2019 2020 2016 2017 2018 2019 2020 2016 2017 2018 2019 2020 2016 2017 2018 2019 2020 2016 2017 2018 2019 2020 

Antibiotics Resistance percentage (%) 

E. coli Aminopenicillin 45.0 45.6 46.0 46.3 44.1 35.8 35.2 35.3 35.5 34.1 43.8 41.3 49.0 52.5 55.1 42.9 42.2 42.3 41.0 39.8 ND ND ND ND ND 
3RD G cephalosporins 6.6 6.9 7.7 7.5 6.7 6.9 6.9 7.6 7.8 7.2 4.2 6.1 8.1 7.0 11.0 5.6 5.9 6.8 6.2 5.8 8.3 7.4 8.3 7.8 7.9 
Carbapenem 0.0 0.0 0.0 0.1 0.2 0.0 0.0 0.0 0.0 0.0 NC NC 0.0 NC 0.0 0.1 0.1 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 
Fluoroquinolone 11.0 12.8 13.3 11.5 11.2 11.5 12.0 11.4 11.4 10.5 9.6 11.6 17.2 13.1 11.8 10.9 13.6 12.9 11.3 10.0 13.7 15.8 18.1 15.9 14.1 
Aminoglycoside 6.1 6.0 5.7 5.5 5.5 4.9 5.0 4.3 4.8 5.7 3.6 5.6 6.1 4.7 7.8 5.5 7.2 5.7 5.6 5.7 7.2 6.5 7.7 6.0 5.9  

K. pneumoniae 3RD G cephalosporins 7.5 7.3 6.5 6.7 6.0 4.1 4.6 4.5 6.3 7.2 0.0 5.9 0.0 4.3 0.0 5.8 5.8 7.5 7.7 10.1 4.9 5.6 5.5 8.3 8.1 
Carbapenem 0.3 0.3 0.5 0.3 0.8 0.3 0.3 0.6 0.4 0.1 NC ND NC ND 0.0 0.0 0.0 0.1 0.2 0.1 0.1 0.1 0.2 0.1 0.3 
Fluoroquinolone 5.3 9.1 8.5 9.6 7.6 2.7 7.9 6.3 7.3 7.4 0.0 6.3 0.0 4.3 0.0 4.3 10.2 13.1 8.8 11.2 5.4 9.8 10.1 10.5 10.2 
Aminoglycoside 3.2 3.2 3.3 3.5 3.3 2.3 2.9 2.6 4.2 5.8 0.0 11.8 0.0 8.7 0.0 3.3 4.2 5.3 6.1 7.3 3.4 4.7 3.0 4.2 3.6  

P. aeruginosa Carbapenem 2.4 2.5 5.2 3.3 4.4 6.0 6.1 4.9 6.3 3.7 5.9 0.0 0.0 0.0 12.0 6.7 3.4 4.8 7.4 6.4 11.0 9.0 4.4 9.8 4.2 
Fluoroquinolone 3.7 5.0 4.3 5.5 3.2 7.9 11.2 12.8 8.5 10.2 17.6 11.8 8.3 4.5 4.0 5.7 4.9 10.4 5.7 8.5 6.0 9.0 7.1 9.2 7.4 
Aminoglycoside 1.7 1.0 0.6 2.7 0.0 2.3 1.9 1.0 0.7 1.4 0.0 0.0 0.0 4.5 0.0 0.9 0.5 0.8 0.3 0.4 0.8 0.9 1.0 2.3 0.6  

Acinetobacter spp. Carbapenem 0.0 0.0 6.4 0.0 4.7 0.0 2.7 0.0 0.0 5.4 NC NC NC NC NC 0.0 0.0 0.0 0.0 0.0 1.2 0.0 3.7 3.6 7.1 
Fluoroquinolone 2.8 1.5 9.1 6.9 13.8 0.0 2.7 0.0 0.0 8.3 NC NC NC NC NC 3.0 0.0 0.0 0.0 0.0 4.7 0.0 7.3 8.0 7.1 
Aminoglycoside 0.0 0.0 7.5 2.8 4.6 3.6 0.0 7.4 0.0 2.7 NC NC NC NC NC 3.1 0.0 0.0 4.3 0.0 5.9 0.0 5.5 5.3 8.0  

S. aureus MRSA 2.0 2.5 1.7 2.2 1.7 2.2 2.0 2.0 2.1 2.5 1.3 1.4 0.0 6.6 5.2 1.2 1.0 0.9 1.1 1.7 2.3 1.2 1.9 1.8 2.3  

S. pneumoniae Penicillin 6.1 3.9 5.5 5.0 6.8 10.3 10.5 11.5 12.0 11.5 10.5 18.5 9.7 15.9 30.0 4.4 4.8 5.0 6.3 7.4 7.1 6.1 5.2 6.5 8.5 
Macrolide 4.8 3.6 2.5 3.5 3.7 11.4 15.0 12.1 10.5 11.8 0.0 18.5 12.9 15.9 30.0 5.3 5.5 7.6 5.7 5.1 5.3 4.7 4.5 6.5 6.6  

E. faecalis High-level gentamicin 19.6 7.1 12.3 8.5 11.8 ND ND ND ND ND 16.7 18.2 16.7 11.4 6.7 15.8 14.4 13.4 12.1 12.4 13.4 13.3 12.8 10.0 10.1  

E. faecium Vancomycin 7.5 7.0 12.5 9.8 9.6 0.0 0.7 1.7 0.0 0.4 0.0 0.0 0.0 0.0 0.0 1.9 4.5 2.3 1.0 0.6 0.4 0.0 1.4 1.0 0.2 

Aminopenicillin = amoxicillin/ampicillin; Third-generation (3rd G) cephalosporin = cefotaxime/ceftriaxone/ceftazidime; Carbapenem = imipenem/meropenem; Fluoroquinolone = ciprofloxacin/levofloxacin/oflox
acin; Aminoglycoside = gentamicin/netilmicin/tobramycin; Macrolide = azithromycin/clarithromycin/erythromycin; ND = not available/not done; NC = Not calculated due to small sample size (<10); Bold numbers =
Highest three percentage values of the row; values highlighted in bold and italicised are above the average EU/EEA values. 
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Subsequently, between 2014 and 2018, a total of 103 isolates were 
screened and blaOXA-48 and blaNDM-1 were reported as the predominant 
carbapenemase types found in K. pneumoniae (Hammerum et al., 2020). 
Additionally, Hansen et al. conducted a study in Denmark in 2018 
focusing on K. pneumoniae isolates in invasive specimens. They reported 
the most common gene types to be blaCTX-M-15 for ESBL, blaDHA-1 for 
AmpC beta-lactamases, and blaOXA-48 for carbapenemase (Hansen et al., 
2020). Roer et al. investigated a total of 552 third-generation cepha
losporin-resistant E. coli isolates collected from bloodstream infections 
in Denmark between 2014 and 2015. Their findings revealed that 
blaCTX-M-15 was the most prevalent type, at 50%, followed by blaCTX-M-14 
at 14%, blaCTX-M-27 at 11%, and blaCTX-M-101 at 5% (Roer et al., 2017). 

In Finland, Österblad et al. analyzed isolates from 2008 to 2011 and 
reported 26 clinical isolates of carbapenemase-producing Enter
obacterales (CPE) originating from 25 patients. Among these, 
K. pneumoniae accounted for 61.5%, E. coli for 23.1%, and Enterobacter 
cloacae for 11.5% of the cases (Österblad et al., 2012). A subsequent 
study by Räisänen et al. analyzed 231 CPE isolates collected during 
2012–2018 from 202 patients. Among the isolates, 32% were from 
clinical infections and the rest were from screening specimens. The 
prevalent species carrying the carbapenemase gene in this study were 
K. pneumoniae (45%), E. coli (40%), and C. freundii (6%) (Räisänen et al., 
2020). Interestingly, both Finnish studies highlighted a strong associa
tion between CPE cases and travel abroad or hospitalization abroad, 
with a prevalence of 72% in the initial study and 63% in the subsequent 
one (Österblad et al., 2012; Räisänen et al., 2020). Regarding the types 
of carbapenemase genes, Österblad et al. (2012) reported blaOXA-48-like 
genes (38.5%), followed by blaKPC (19.5%), blaVIM (15.4%), blaNDM 
(11.5%), and blaIMI/NMC-A (11.5%) as the most common (Österblad et al., 
2012). According to Räisänen et al. among 231 isolates, blaNDM was the 
most prevalent (35%), closely followed by blaOXA-48 (33%) and blaKPC 
(31%) (Räisänen et al., 2020). A later Finnish study targeting 
carbapenemase-producing C. freundii clusters during the years 
2016–2020 reported 21 isolates from 20 clinical patients, with blaKPC-2 
as the most dominant (80%) resistance gene (Räisänen et al., 2021). 

Helgason et al. reported the first detection of carbapenemase- 
producing E. coli isolates in Iceland, found in a rectal swab screening 
specimen from a hospitalized child who originated from the Philippines 
(Helgason et al., 2016). This isolate was confirmed to carry blaNDM-1 
gene (Helgason et al., 2016). 

In a study conducted in Norway from 2012 to 2017, a total of 231 
carbapenemase-producing isolates were identified, which were 
collected from 195 patients (Elstrøm et al., 2019). The majority of these 
cases (83%) were associated with a nosocomial origin, and a significant 
proportion (73%) had a history of travel abroad (Elstrøm et al., 2019). 
The predominant pathogens in this study were CPEs (59.3%), followed 
by Acinetobacter spp. (29.9%) and Pseudomonas spp. (10.8%) (Elstrøm 
et al., 2019). 

In Sweden, a study including isolates from 2007 to 2013 reported a 
total of 94 CPE isolates, with 24 obtained from clinical specimens and 
the remainder from screening specimens. The primary pathogens car
rying the carbapenemase gene in this study were K. pneumoniae (61%), 
E. coli (31%), and E. cloacae (5%). Among the various gene types, blaNDM 
was the most prevalent (n = 36), followed by the blaOXA-48 group, blaKPC, 
and blaVIM (Löfmark et al., 2015). Notably, 81% of the CPE cases in this 
study had a history of travel or hospitalization abroad (Löfmark et al., 
2015).  

b) Staphylococcus aureus 

A total of nine studies, including three from Denmark (Edslev et al., 
2018; Møller et al., 2019; Nielsen et al., 2022), one from Finland 
(Kanerva et al., 2012), two from Norway (Di Ruscio et al., 2018; Elstrøm 
et al., 2019), and three from Sweden (Eriksson et al., 2019; Fang et al., 
2016; Holmbom et al., 2020), have reported cases of resistance in 
S. aureus within clinical settings. Among these, three studies also 

reported methicillin-resistant Staphylococcus aureus (MRSA) cases while 
simultaneously monitoring other targets in bacteremia cases (Elstrøm 
et al., 2019; Holmbom et al., 2020; Kanerva et al., 2012). Four studies 
specifically targeted dermal infections (Edslev et al., 2018; Eriksson 
et al., 2019; Møller et al., 2019; Nielsen et al., 2022). Among these, one 
study reported multiple infection types, including skin abscesses, wound 
infections, screening swabs from the upper respiratory tract, conjunc
tivitis, scalp pustules, breast abscesses, eczema, and skin abscesses 
(Møller et al., 2019). Møller et al. suspected that the source of MRSA 
clonal complex 398 in a Danish hospital outbreak was imported from 
Southeastern Asia (Møller et al., 2019). In the second of these four 
studies, Nielsen et al. reported a higher prevalence of MRSA and 
ciprofloxacin-resistant Enterobacterales among refugee families 
compared to non-immigrants (Nielsen et al., 2022). The third study re
ported a gradual increase in community-acquired (CA)-MRSA cases in 
Denmark. Notably, CA-MRSA was more likely to be asymptomatic 
compared to hospital-associated MRSA (HA-MRSA) (Hetem et al., 
2012). Finally, a study from Norway reported that the majority of MRSA 
cases were associated with community acquisition, with only 21% of 
cases diagnosed in hospitals and only about 5% linked to long-term care 
institutes (Elstrøm et al., 2019).  

c) Enterococcus spp. 

We found a total of eight studies that reported cases of resistance in 
Enterococcus spp. within clinical settings, with most being resistant to 
vancomycin. These studies include three from Sweden (Holmbom et al., 
2020; Kaarme et al., 2015; Sundvall et al., 2014), two from Denmark 
(Pinholt et al., 2017, 2019), two from Norway (Elstrøm et al., 2019; 
Thaulow et al., 2021), and one from Finland (Kanerva et al., 2012). A 
Danish study reported a VRE outbreak in Denmark during 2012–2015 
(Pinholt et al., 2017). Using WGS, they identified vanA-type genes in 
E. faecium as the cause of the outbreak. Other studies targeted VRE 
alongside other pathogens while investigating UTI (Sundvall et al., 
2014; Thaulow et al., 2021) and cases of blood infection (Elstrøm et al., 
2019; Holmbom et al., 2020; Kanerva et al., 2012). These studies 
collectively highlighted VRE as a significant contributor to UTI and 
blood stream infections, along with E. coli and Klebsiella spp. 

We noticed potential epidemiological variation in the occurrence of 
VRE types across the Nordic countries. Pinholt et al. reported a gradual 
increase in vanA VR-E. faecium incidence in the capital region of 
Denmark between 2012 and 2015 (Pinholt et al., 2019). In contrast, one 
Norwegian study found that the vanB type was the most prevalent 
(~74%), with the majority (476 out of 487 total) carried by E. faecium 
(Elstrøm et al., 2019). Sweden and Finland lack recent genotyping 
studies, but an earlier study in Finland indicated that both vanA and 
vanB types were predominant in the country (Vuopio-Varkila et al., 
1997), while a wastewater study from 2009 reported vanB as the most 
prevalent type in Sweden (Sahlström et al., 2009). All the studies noted 
that nosocomial VRE cases are predominant in the region (Elstrøm et al., 
2019; Kanerva et al., 2012; Pinholt et al., 2019). 

3.3. Wastewater monitoring for resistant bacteria in the Nordic countries 

In this review, a total of 26 papers focused on monitoring wastewater 
for antibiotic-resistant bacteria (ARB). The vast majority of these studies 
were conducted in Sweden (n = 10) (Bengtsson-Palme et al., 2016; Flach 
et al., 2021; Huijbers et al., 2019, 2020; Hutinel et al., 2019, 2022; 
Iversen et al., 2002; Khan et al., 2018, 2019; Kwak et al., 2015), Finland 
(n = 9) (Heljanko et al., 2023; Huijbers et al., 2020; Karkman et al., 
2016; Laht et al., 2014; Majlander et al., 2021; Markkanen et al., 2023; 
Pärnänen et al., 2019; Tiwari et al., 2022b, 2023b), and Norway (n = 9) 
(Cacace et al., 2019; Grevskott et al., 2021; Huijbers et al., 2020; Mar
athe et al., 2021; Pärnänen et al., 2019; Paulshus et al., 2019a, 2019b; 
Radisic et al., 2023), as detailed in Fig. 3. Denmark contributed three 
studies (Brinch et al., 2020; Huijbers et al., 2020; Jakobsen et al., 2008), 
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while Iceland did not have any studies reporting ARB or related genes in 
wastewater, except for participation in two global studies (Hendriksen 
et al., 2019; Munk et al., 2022). Notably, some studies targeted more 
than one country (Huijbers et al., 2020; Pärnänen et al., 2019). Most of 
the studies collected wastewater samples from larger cities or the capital 
regions. Regarding the monitoring targets, similarly to clinical studies, 
wastewater monitoring primarily focused on Enterobacterales, particu
larly E. coli, K. pneumoniae, and C. freundii, which were the subjects of 17 
out of 25 studies (60.0%) (Flach et al., 2018, 2021; Grevskott et al., 
2021; Heljanko et al., 2023; Huijbers et al., 2020; Hutinel et al., 2019; 
Jakobsen et al., 2008; Jørgensen et al., 2017; Khan et al., 2018, 2019; 
Kwak et al., 2015; Marathe et al., 2021; Paulshus et al., 2019a, 2019b; 
Radisic et al., 2023; Tiwari et al., 2022b, 2023b). 

The monitoring of ARB in wastewater typically falls into two main 
categories: (a) analysis of wastewater influent samples from wastewater 
treatment plants (WWTPs) or raw sewage from healthcare settings (e.g., 
healthcare centers, nursing homes, or hospitals) and (b) monitoring of 
effluent samples, either alone or in combination with influent samples, 
and/or with recipient water bodies. Wastewater influent samples were 
analyzed with the aim of monitoring ARB pathogens in the sewer-shed 
community or within healthcare facilities as wastewater-based surveil
lance (Table S3). Monitoring of wastewater influent and effluent can 
enable the decay of ARB and related genes within WWTPs to be assessed 
and the potential public or environmental health risks after their release 
into surface waters to be evaluated. Monitoring of ARB and ARGs in 
surface waters can have the OneHealth objective of examining the AMR 
risks in human, animal, and environmental health.  

a) Monitoring of wastewater influents 

Many of the reviewed studies monitored wastewater influent or raw 
sewage from human health care settings to reveal the prevalence of ARB 
pathogens and related genes in sewershed communities (Brinch et al., 
2020; Flach et al., 2021; Grevskott et al., 2021; Heljanko et al., 2023; 
Huijbers et al., 2020; Hutinel et al., 2019, 2022; Kwak et al., 2015; 
Majlander et al., 2021; Markkanen et al., 2023; Paulshus et al., 2019a,b; 
Tiwari et al., 2022a; Tiwari et al., 2023b). Monitoring of wastewater 
influent was primarily conducted for WBS, which is a non-invasive, 
cost-effective tool to monitor ARB pathogens and ARGs at the popula
tion level (Grevskott et al., 2021; Hendriksen et al., 2019; Hutinel et al., 
2022; Karkman et al., 2020; Kwak et al., 2015; Pärnänen et al., 2019). 
Many studies reported new ARGs or multilocus sequence types of 
pathogens in wastewater monitoring that had not previously been re
ported in clinical surveillance in the country (Marathe et al., 2021; 
Paulshus et al., 2019b, 2023). ARB pathogens and their genetic markers 
can be released (via feces, urine, skin lesions, nasal secretions, and 
sputum) to the sewage system soon after the beginning of colonization 
and during the infections (e.g., symptomatic or asymptomatic) (Ham
merum et al., 2007; Hutinel et al., 2019; Jørgensen et al., 2017). 

Wastewater monitoring enabled the prevalence of ARGs and circu
lating sequence types of a particular pathogen to be determined. For 
example, Paulshus et al. reported the circulation of two different E. coli 
clones belonging to ST131 and ST648 carrying blaCTX-M-15 by collecting 
wastewater samples from wastewater pump stations in Oslo, Norway 
(Paulshus et al., 2019b). Grevskott et al. reported antibiotic resistance 
profiles and the diversity of β-lactamases in E. coli isolates in wastewater 
influent in Bergen, Norway (Grevskott et al., 2021). By using WGS, 
Grevskott et al. reported blaNDM-6, blaVIM-1, blaOXA-48, blaCTX-M-15, 
blaCTX-M-27, and blaCTX-M-14 as the main beta-lactamase gene types 
(Grevskott et al., 2021). They reported sixteen E. coli sequence types 
(STs), including ST131 (39.1%), ST38 (10.9%), and ST69 (8.7%) 
(Grevskott et al., 2021). Most of these reported STs and ARGs are 
frequently found in clinical specimens in all the Nordic countries 
(Gladstone et al., 2021; Paulshus et al., 2019b; Roer et al., 2017). 

Many of these studies compared the prevalence of ARB and related 
genes in municipal wastewater with nearby hospital wastewater (Flach 

et al., 2021; Heljanko et al., 2023; Hutinel et al., 2019; Iversen et al., 
2002; Kwak et al., 2015). These studies reported generally higher 
resistance rates in hospital wastewater than in municipal wastewater 
(Hutinel et al., 2019; Iversen et al., 2002; Kwak et al., 2015). Hospitals 
may use a greater amount and wider spectrum of antibiotics for treating 
their clinical patients than are consumed in communities (ECDC, 2020). 
Thus, this could be the explanation behind the findings reported by 
Kwak et al. from Stockholm, Sweden, where the prevalence of 
ESBL-producing E. coli in hospital raw sewage (13%) was higher than in 
respective municipal wastewater influent (2.3%) (Kwak et al., 2015). 

One study from Gothenburg, Sweden, compared ARG profiles in 
hospital wastewater with clinical isolates from the same hospital and 
reported concordance in the detection of blaNDM, blaOXA-48-like, and 
blaKPC in both wastewater and clinical samples (Flach et al., 2021). 
However, blaVIM and blaIMP were only detected in wastewater samples, 
which was suspected to be due to their long persistence in the sewage 
networks. Another study conducted in Gothenburg, Sweden, with 
high-throughput qPCR also reported concordance in the detection of 
ARGs mcr-1, mcr-3, mcr-4, mcr-5, sul4, and gar in both hospital and 
municipal wastewater, but optrA and cfr(A) were only detected in hos
pital wastewater, and mcr-3 and mcr-5 were more abundant in municipal 
wastewater (Hutinel et al., 2022). 

A study from Denmark compared gentamicin-resistant E. coli isolates 
from municipal influent and clinical isolates from hospitals and reported 
concordance of the aac (3)-II gene in both clinical and wastewater iso
lates in 2002–2003 (Jakobsen et al., 2008). For community-acquired 
cases, ARG and ARB counts may be higher in municipal wastewater 
than in hospital wastewater. An earlier study in Stockholm and Uppsala 
detected a higher prevalence of VRE in municipal wastewater compared 
to hospital sewage (Iversen et al., 2002). 

When used at the European continental level, WBS provided 
concordant results compared to clinical studies. In general, Europe has 
low-to-high gradients of ARB and ARGs from north to south and from 
west to east (WHO-ECDC, 2022). In concordance with clinical reporting, 
a low prevalence of ARB and ARGs was reported in Nordic wastewater, 
with different gene clusters in Finland, Norway, and Germany versus 
Portugal, Spain, and Cyprus (Pärnänen et al., 2019). A lower relative 
abundance of ARGs related to aminoglycosides, sulfonamides, β-lac
tams, quinolones, amphenicols, and multidrug resistance together with 
genes related to mobile genetic elements in wastewater samples was 
reported in Finland and Norway than in European countries with a 
relatively high level of antibiotic consumption (Portugal, Spain, Cyprus, 
and Ireland) (Pärnänen et al., 2019). However, Cacace et al. did not 
observe clear geographical variation in different ARGs (related to bla
TEM, blaOXA-48, blaOXA-58, blaCTX-M-15, blaCTX-M-32, blaKPC-3, sul1, tetM, 
mcr-1) in wastewater samples from ten European countries (France, 
Italy, Norway, Portugal, Germany, the Netherlands, Cyprus, Turkey, 
Austria, and the United Kingdom) (Cacace et al., 2019).  

b) Monitoring of wastewater effluent and environmental release 

Wastewater treatment can be an important process for controlling 
the environmental dissemination of ARB and ARG from municipal 
wastewater. Regular monitoring of ARB and ARGs from wastewater 
effluent can help in predicting the public health risk of such pathogens 
and genes. In this systematic review, a total of 13 studies analyzed 
municipal wastewater effluent together with or without influent or 
recipient water in monitoring ARB, ARGs, and mobile genetic elements 
(MGEs) (Bengtsson-Palme et al., 2016; Cacace et al., 2019; Flach et al., 
2018; Grevskott et al., 2021; Hutinel et al., 2022; Iversen et al., 2002; 
Jørgensen et al., 2017; Karkman et al., 2016; Khan et al., 2018, 2019; 
Laht et al., 2014; Pärnänen et al., 2019; Paulshus et al., 2019a, 2019b; 
Radisic et al., 2023). The environmental release of treated wastewater 
was reported to increase the prevalence of ARB, ARGs, and MGEs car
rying the resistome to the recipient surface water (Cacace et al., 2019; 
Karkman et al., 2016; Lai et al., 2021). Although WWTPs significantly 
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reduce such ARB, ARGs, and MGEs, an increase in the biological treat
ment steps in WWTPs can enrich certain ARGs in the effluent (Bengts
son-Palme et al., 2016; Cacace et al., 2019; Flach et al., 2018; Karkman 
et al., 2016). In addition, wastewater contains traces of diverse anti
microbial compounds from various sources, such as discarded antibi
otics, detergents, heavy metals, and pesticides. Such antimicrobial 
compounds can also have roles in the enrichment of resistant bacteria. 

Karkman et al. suspected WWTP could enrich the prevalence of two 
gene types, Tn25 type transposase and clinical class 1 integrons (Kark
man et al., 2016). This enrichment of class 1 integrons in wastewater 
treatment plants raises concerns about the possible spread of ARGs 
within these facilities through horizontal gene transfer. Another study 
found varying ratios of cefotaxime-resistant E. coli to total E. coli in in
fluents (0.3%–4.4%) and effluents (0%–5.0%) across different samples 
(Grevskott et al., 2021). Laht et al. noted potential variations in ARG 
reduction across different WWTPs (Laht et al., 2014). They compared 
ARG reduction in three WWTPs from Helsinki, Tallinn, and Tartu by 
targeting sul1 and sul2 (sulphonamide-related), tetM and tetC (tetracy
cline-related), and blaOXA-58, blaSHV-34, and blaCTX-M-32(ESBL related) 
with qPCR, and reported a higher reduction in WWTP in Finland than in 
Estonia (Laht et al., 2014). In addition, the efficiency of ARG reduction 
in WWTPs may vary for different genes. For example, Hutinel et al. 
demonstrated a high prevalence of ARGs (per bacterial 16S rRNA gene) 
related to colistin (mcr-3, mcr-4, mcr-5), sulfonamide (sul4), and ami
noglycoside (gar) in treated municipal wastewater (Gothenburg, Swe
den), but not for ARGs related to linezolid (optrA and cfr(A)) and colistin 
(mcr-1) (Hutinel et al., 2022). 

However, a study conducted in Gothenburg, Sweden, reported that 
wastewater treatment plants neither enrich nor exert selective pressure 
on the resistance profile of E. coli (Flach et al., 2018). A total of 4028 
E. coli isolates were collected from both influent and effluent and their 
antibiotic resistance to eight antibiotics was assessed: ampicillin, cef
podoxime, ciprofloxacin, gentamicin, sulfamethoxazole, tetracycline, 
and trimethoprim (Flach et al., 2018). Bengtsson-Palme et al. used 
metagenomics to demonstrate that wastewater treatment plants do not 
significantly enrich or select for ARG proliferation (Bengtsson-Palme 
et al., 2016). They sampled wastewater in various treatment stages from 
three Swedish treatment plants. Resistance genes linked to antibiotics, 
biocides, and metals did not decrease as much as fecal bacteria during 
treatment. In summary, these conflicting results in various WWTPs in 
Finland, Sweden, and Estonia regarding the gene enrichment of various 
ARGs and ARB imply inconsistency across facilities. The enrichment 
effect on bacteria and ARGs can vary based on treatment processes and 
conditions. 

The release of ARGs and MGEs from wastewater treatment plants 
(WWTPs) can be influenced by numerous factors, including the initial 
loads from influent, as well as interactions with other bacterial com
munities and potential horizontal gene transfer (HGT) events within the 
biological treatment processes in WWTPs (Cacace et al., 2019). Khan 
et al. reported high variation in β-lactamase types in hospital wastewater 
and downstream recipient river water (Khan et al., 2019). They reported 
a high prevalence of blaIMP-1, blaIMP-2, and blaOXA-23 in hospital waste
water and blaOXA-48, blaCTX-M-8, blaSFC-1, blaVIM-1, and blaVIM-13 in 
downstream recipient river samples. These findings underscore the 
complexity of ARG release from WWTPs, with variations in ARG profiles 
and prevalence observed across different locations and types of waste
waters, highlighting the importance of monitoring and understanding 
the factors influencing the dissemination of antibiotic resistance in 
environmental settings.  

c) ARB and ARG release to surface water 

ARB and ARGs are emerging pollutants in surface water (Jørgensen 
et al., 2017; Khan et al., 2018; Lai et al., 2021; Radisic et al., 2023). 
Monitoring of ARB and ARGs in surface water serves a One Health 
purpose by assessing AMR risks to human, animal, and environmental 

health. Apart from wastewater effluent, surface water can receive such 
bacteria and genes from surface water runoff. For example, one study 
from Sweden reported a high diversity of ARGs and anthropogenic 
pollutant indicator genes intI, sul1, and crAssphage in surface water near 
large urban areas (Lai et al., 2021). Another study from Örebro, Sweden, 
reported the prevalence of K. oxytoca carrying blaVIM-1 and blaIMP-29 
types of carbapenemase in recipient river water (Khan et al., 2018). 
Similarly, a study from Bergen, Norway, reported multi-drug resistant 
(MDR) K. pneumoniae in coastal water potentially contaminated with the 
outfall of treated effluent (Radisic et al., 2023). MDR K. pneumoniae of 
the types ST730 and ST307 were mainly reported, carrying blaCTX-M-14, 
blaCTX-M-15, qnrS1, aac (3)-lle, tet(A), and sul1 (Radisic et al., 2023). 

The occurrence of resistant profiles in surface water can sometimes 
be many times higher than in nearby wastewater samples. For example, 
one study from Oslo, Norway, reported that up to 3.8% of E. coli isolates 
were related to ESBL in recreational samples, but only about 
0.56–0.75% of E. coli isolates from respective wastewater samples 
belonged to ESBL (Jørgensen et al., 2017). This might indicate the 
environmental dissemination of genes and also the longer persistence of 
resistant bacteria in the environment. This could imply various persis
tence rates for different E. coli strains (Jørgensen et al., 2017). However, 
a Danish study reported a relatively low prevalence (1 of 37 tested 
samples) of VRE in surface water compared to influent (21 of 35 sam
ples), hospital sewage (5 of 14 samples), and effluent (6 of 32 samples). 
The reason could be that enteric pathogens rapidly decrease as soon as 
they reach the ambient environment and ARGs can rapidly emerge in the 
environment through the process of HGT of MGE. 

4. Discussion 

Wastewater surveillance for AMR primarily focuses on four areas: (a) 
assess AMR status in human populations and compare it using 
wastewater-based epidemiology (WBE), (b) identify AMR escaping 
wastewater treatment, (c) quantify removal rates, and (d) assess the 
potential for AMR evolution. Nordic countries have focused their WWS 
of AMR in all these four directions. Wastewater monitoring can be an 
important tool for the monitoring and early identification of ARB 
pathogen hot spots, and their temporal and spatial trends. WBS of ARB 
can be a useful tool for surveilling the real-time prevalence of ARB in a 
cost-effective manner. Currently, regular surveillance of antibiotic 
resistance by monitoring wastewater is lacking globally. However, the 
European Commission suggests using WBS to monitor local pathogen 
levels in its proposed revision of the Urban Wastewater Treatment 
Directive (UWWTD) (EU Regulation 2020/741, 2022). The proposed 
directive includes provisions for analyzing influent and effluent to 
monitor potential ARB and ARG release from WWTPs. 

The Nordic countries have been notably successful in maintaining a 
low prevalence of ARB pathogen cases in clinical settings compared to 
many other European countries (WHO-ECDC, 2022). Several factors 
have contributed to this achievement, including low antibiotic con
sumption, relatively robust sanitation facilities, excellent access to clean 
drinking water, and well-developed public health infrastructure (Col
lignon et al., 2018). Additionally, these countries have implemented 
comprehensive strategies to combat AMR, including the establishment 
of national action plans for AMR, robust national surveillance systems, 
and the implementation of infection prevention and control (IPC) 
measures in both human and veterinary domains (Fig. 1, Table 1). The 
unnecessary use of antibiotics is avoided by emphasizing good diag
nostic tools, good infection prevention, and control (IPC) practices in 
hospitals and veterinary settings, and the timely use of vaccines for 
various infections (Muray et al., 2022; Silva et al., 2021; Sternberg-Le
werin et al., 2022; Time and Veggeland, 2020). Moreover, antibiotic 
usage in these countries is highly regulated, antibiotics can only be 
purchased with prescriptions from doctors or veterinarians, and the use 
of antibiotics for growth promotion is prohibited in farm animals 
(Björkman et al., 2021; EC, 2020; Time and Veggeland, 2020). The 
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Nordic countries boast national healthcare insurance systems that cover 
all residents, accompanied by well-structured clinical data storage and 
management practices. These countries are strongly linked to the EU 
member states (Denmark, Finland, and Sweden) or the EEA agreement 
(Norway and Iceland). 

In recent years, all the Nordic countries have consistently faced a 
common problem of increasing ARB and ARG cases, mainly carbapen
emase and ESBL producing Enterobacterales, and MRSA due to interna
tional travel, hospitalization abroad, and immigration from countries 
with a high prevalence of ARB (Elstrøm et al., 2019; Espenhain et al., 
2018; Ferløv-Schwensen et al., 2017; Gladstone et al., 2021; Helgason 
et al., 2016; Ingefors et al., 2022; Kanerva et al., 2015; Møller et al., 
2019; Nielsen et al., 2022; Pinholt et al., 2019; Räisänen et al., 2020; 
Southon et al., 2020). The emergence of resistance within the Entero
bacteriaceae family is apparent in both clinical and wastewater moni
toring (Flach et al., 2021; Heljanko et al., 2023; Hutinel et al., 2019; 
Iversen et al., 2002; Kwak et al., 2015). The small population sizes of 
these countries, with shared similarities, can favor Nordic collaboration 
in developing and using the WBS approach for ARB and related genes. 
These countries have a long tradition of mutual learning through Nordic 
cooperation forums (Björkman et al., 2021), which may lead to the 
diffusion of cross-border ARB management policies. For example, clin
ical microbiologists collaborate on ARB management practice through 
the Nordic Committee on Antimicrobial Susceptibility Testing (Nordi
cAST) (NordicAST, 2023). Furthermore, the EARS-Net EU/EEA-level 
consortium handles resistance surveillance, treatment guidelines, and 
monitoring of antibiotic consumption. In the spirit of establishing the 
Nordic countries as a best-practice region for surveillance, and prepar
ing for possible worse future situations, these regions could establish an 
environmental surveillance network for sharing technology, under
standing, and achievements at the regional level. The strategies of the 
Nordic countries aim to foster global and regional cooperation for sur
veillance (Finnish Strategy, 2023; Norwegian Ministries, 2015; Swidish 
Strategy, 2023). 

ARB is a One-Health concern: the enrichment of such pathogens and 
genes in any one of the compartments (people, animals, and environ
ment) can easily lead to them jumping to the next and collectively 
amplifying in all three compartments. The development of resistant 
mechanisms in pathogens in animals and the environment can easily 
reach the human community via drinking water production and distri
bution (Lai et al., 2021; Tiwari et al., 2022c), food animals (Al-Mustapha 
et al., 2023; Bhowmick et al., 2023; Hansen et al., 2016), companion 
animals (Hansen et al., 2016), the hospital environment (Giri et al., 
2022; Heljanko et al., 2023), recreational water (Jørgensen et al., 2017; 
Khan et al., 2018), and seafood (Håkonsholm et al., 2022). 

4.1. Monitoring methods 

Wastewater surveillance of ARB is typically conducted with three 
monitoring methods: culture-based, qPCR, and metagenomics ap
proaches (Karkman et al., 2018; Tiwari, et al., 2022a). Each method has 
its pros and cons. Culture-based methods are cost-effective, clinically 
validated, and useful for detecting viable targeted bacteria. They also 
facilitate antimicrobial susceptibility testing (AST), whole genome 
sequencing, and the linkage of phenotypic and genotypic traits through 
DNA extraction from selected isolates, enabling gene prevalence 
assessment. However, culture-based methods are time-consuming due to 
cultivation requirements (Karkman et al., 2018; Tiwari et al., 2021b), 
and cannot monitor viable but unculturable bacteria (Pitkänen et al., 
2013; Rytkönen et al., 2021). 

Culture-independent methods primarily focus on monitoring ARGs 
as evidence of ARB. These approaches account for all resistance genes 
that are carried by pathogenic or non-pathogenic strains. Molecular 
methods, including real-time PCR (qPCR), digital PCR (dPCR), and high- 
throughput qPCR (HT-qPCR), offer speed and sensitivity, complement
ing culture-based techniques rather than replacing them (Karkman 

et al., 2016, 2018). PCR-based methods require prior knowledge of 
primer sequences, making them suitable for the routine surveillance of 
known ARGs but less effective in the early detection of emerging ones 
(Tiwari et al., 2023a). 

Metagenomics works independently on prior knowledge about the 
primers and provides an inventory of all ARGs or bacterial communities 
(Berbers et al., 2020; Tiwari et al., 2022c). Long-read sequencing adds 
extra insights by pinpointing gene locations, whether in plasmids or 
chromosomes (Berbers et al., 2020). While metagenomics provides 
broader ARG coverage, qPCR methods are better at detecting minor 
gene changes with higher sensitivity. Metagenomics is more suitable for 
a non-targeted screening test, but qPCR can be more suitable for the 
regular surveillance of ARGs (Ferreira et al., 2023). However, both 
PCR-based and metagenomics methods have limitations, as they cannot 
establish clinical breakpoints and they do not distinguish between living 
and dead cells. These methods cannot identify the source of specific 
pathogens carrying detected ARGs in wastewater. However, identifying 
the precise pathogen resistant to antibiotics is crucial for environmental 
remediation and infection treatment. 

These three major ARB-monitoring methods (culturing, PCR-based, 
and metagenomics) each capture different aspects of ARB presence 
(Karkman et al., 2018; Pruden et al., 2021; Tiwari et al., 2022a). They 
offer unique advantages and limitations, and it is unlikely that any one 
of them will fully replace the others soon (Karkman et al., 2018; Tiwari 
et al., 2022a). Consequently, these methods are expected to remain 
valuable tools for years to come. Currently, comparing and dissemi
nating results obtained through these three distinct methods can be 
challenging. However, conducting regular calibration studies, where the 
same samples are simultaneously assessed using all three methods, can 
significantly facilitate the exchange of research findings derived from 
these diverse approaches. 

A critical challenge in WWS of ARB is effectively presenting quan
titative data (gene copies or colony counts), due to variable levels of 
target material dilution in wastewater samples. One potential solution is 
the normalization of ARB/ARG data with the total bacterial population/ 
or total 16S rRNA genes (Karkman et al., 2018; Pärnänen et al., 2019). 
Another option could be to normalize data with the flow rate in 
wastewater influent and the total population in the city, expressing the 
results as colonies or GC/person/unit time (Tiwari et al., 2022d). The 
same challenge also applies to metagenomics, and the normalization of 
its data is equally complicated (Ng et al., 2017). 

4.2. Sanitation conditions in polar communities 

Overall, the Nordic countries have the best sanitation infrastructures 
in the world. However, in some remote northern communities, waste
water treatment faces challenges due to factors such as permafrost, hard 
rock surfaces, spring flooding, dispersed settlements, limited water 
availability, and the high costs of fuel, electricity, and transportation 
(Gunnarsdóttir et al., 2013). Consequently, polar communities may 
experience inadequate wastewater treatment, which can degrade sur
face water quality, including the presence of ARB and various human 
pathogens (Lamba et al., 2018). Sewage serves as an important source 
for introducing clinically relevant pathogens and antibiotic resistance 
genes (ARGs) into the environment (Karkman et al., 2020; Marathe 
et al., 2021). The cold, dark, snow-covered winters in the Nordic region 
contribute to the prolonged persistence of these pathogens and ARB 
(Tiwari et al., 2023c). 

In arctic coastal regions, where the fishing industry plays a pivotal 
role, poor sanitation in the marine environment poses a substantial 
public health risk due to enteric bacteria (Salmonella, Shigella, and 
E. coli), viral pathogens (norovirus, adenovirus, poliovirus hepatitis A 
and sapovirus), and protozoan parasites (Cryptosporidium and Giardia). 
For example, Håkonsholm et al. detected widespread MDR 
K. pneumoniae in bivalve mollusks collected from coastal areas of Nor
way (Håkonsholm et al., 2022). 
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5. Limitations and challenges of WBS 

5.1. Bloodstream infection and WBS 

Current clinical reporting practices for ARB often rely on isolates 
from invasive samples (blood and cerebrospinal fluid) from clinical 
settings. However, WBS offers a broader perspective, considering the 
overall population-level burden, and mostly but not solely accounting 
for ARB pathogens originating from fecal and urinary sources. This 
raises concerns about the shedding of ARB in the feces and urine of in
dividuals with bloodstream infections. One Swedish study demonstrated 
a strong positive correlation between the resistance rate in hospital 
sewage and hospital clinical patients (r2 = 0.95 for urine and 0.89 for 
blood samples) (Hutinel et al., 2019). The correlation between primary 
care urine samples and municipal sewage was r2 = 0.82. Therefore, ARB 
monitoring in wastewater can represent well the ARB infection cases of 
bloodstream infections (Hutinel et al., 2019). 

The human gut serves as a reservoir of ARB, and oral antibiotic 
consumption can exert selective ecological pressure on gut ARB, leading 
to an increase in their numbers within the gut and potential release into 
the sewage system (Hutinel et al., 2019). Further empirical evidence is 
required to support the hypothesis linking resistance in blood infections, 
antibiotic consumption, and selective pressure on gut bacteria for pro
liferation. In addition, significant quantities of resistant bacteria are 
potentially also harbored by healthy individuals who have not recently 
been exposed to antibiotics but might have been exposed through 
contaminated food and water (Al-Mustapha et al., 2023; Bhowmick 
et al., 2023; Tiwari et al., 2022c; Ulstad et al., 2016). Once bacteria 
acquire resistance through mobile genetic elements, this capacity can 
transfer both vertically to daughter cells during bacterial reproduction 
and horizontally to nearby cells. 

5.2. Diversity and dilution 

Surveillance and standardization of WBS face a significant challenge 
due to the diverse array of ARB and ARGs that require monitoring. Such 
diverse ARB pathogens and their distinct variants can have a unique 
loading in clinically infected individuals and a unique fate and decay 
rate in the wastewater distribution system (Larsson et al., 2023; Milligan 
et al., 2023). 

Further dilution of ARB in sewage systems may reduce the target 
concentration below the detectable limit, resulting in a lower recorded 
prevalence rate. For example, Huijbers et al. reported consistently lower 
resistance profiles of E. coli isolates collected in wastewater (Table S4) 
than those reported by the EARS-Net surveillance mechanism in 
different European countries (Table 2) (Huijbers et al., 2020). They 
followed the same monitoring protocol as EUCAST, which EARS-Net 
prescribes for monitoring clinical specimens. The lower detection rate 
in wastewater could be due to the different monitoring matrices (inva
sive sample versus load from feces and urine) or due to dilution in the 
sewage system. 

The representativeness of the microbial target monitored with WBS 
across the total load of the target in the entire sewage can be questioned. 
For example, Paulshus et al. isolated less than 100 bacterial isolates by 
analyzing 2.5 μl of sewage out of roughly 290,000 m3 of wastewater 
influent passing through the WWTP each day (Paulshus et al., 2019a). 
On average, they sampled one bacterium out of every 1014 bacteria to 
make their conclusion. This applies to all WBS studies monitoring ARB. 
To address such limitations, 24-h composite samples are often collected. 
In the future, more studies may need to assess the representativeness of 
wastewater samples across the total wastewater volume. 

5.3. Sewage comes from multiple sources, not only from human excretion 

AMR is a complicated One-Health issue, many ARGs are commonly 
shared between humans and animals, and it is still not clear who is the 

primary host of these ARGs. Therefore, it is difficult to confirm an isolate 
or ARG monitored in wastewater and to connect it to human sources. 
Moreover, the sewage system, with its diverse range of antimicrobial 
agents (detergents, pesticides, heavy metals, chlorinated compounds) 
and the disposal of unused antibiotics, creates a complex environment 
that exerts ecological pressure, fostering the proliferation of resistant 
bacteria (Andersson and Hughes, 2014). The presence of such developed 
ARB in wastewater distribution systems can potentially lead to false 
positive impressions regarding ARB prevalence in the human commu
nity during WBS. In addition, many ARGs, such as β-lactamase genes 
have the potential to transfer via mobile genetic elements through 
horizontal gene transfer. Their abundance in sewage may pose a risk of 
horizontal gene transfer of resistant genes (Barancheshme and Munir, 
2018). Therefore, the detection of ARGs in sewage samples does not 
guarantee release from human cases, but they can also be transferred 
from many intermediate hosts before being detected in certain isolates 
(Castañeda-Barba et al., 2023). 

5.4. Standardization can be a good future option 

Developing indicator pathogens can be a way to standardize ARB 
monitoring for WBS. ARB pathogens such as E. coli, K. pneumoniae, 
Aeromonas spp., P. aeruginosa, E. faecalis, and E. faecium can be potential 
indicator pathogens in WBS (Berendonk et al., 2015; Tiwari et al., 
2022a). The WHO Tricycle Protocol recognizes ESBL E. coli as an 
excellent AMR indicator in One Health (WHO, 2021). The issue is how 
representative these indicators are of the overall ARB in the community. 
One earlier study reported a positive association between the prevalence 
of antibiotic resistance in E. coli from wastewater samples collected from 
ten European cities separately and clinical cases in the respective 
country (Huijbers et al., 2020). Another study reported that ten ARGs, 
namely blaTEM, blaOXA-48, blaOXA-58, blaCTX-M-15, blaCTX-M-32, blaKPC-3, 
sul1, tetM, and mcr-1, including class 1 integron integrase intI1, can be 
relevant indicators of the resistome of different environments (Beren
donk et al., 2015; Rocha et al., 2020). The intI1 gene, encoding the class 
1 integron integrases, is highly abundant in both wastewater and 
freshwater environments and is therefore commonly used as an indica
tor of anthropogenic pollution because of the linkage to gene cassettes 
containing genes conferring resistance to antibiotics (Karkman et al., 
2018, 2020). 

6. Limitations of the current study 

When interpreting the conclusions of this type of systematic review, 
several limitations need to be considered. The reviewed literature ex
hibits significant heterogeneity in terms of sample sizes, targets, and 
detection methods. Target selection bias, especially in PCR-based 
methods, may occur, as primers could be designed based on perceived 
importance or availability. Additionally, transparency in reporting can 
often be lacking. Potential biases, including selection bias during 
keyword choice and paper screening, inclusion biases paper published 
only in English, as well as information and confounding biases, should 
be considered. Reporting biases may also exist, with positive results 
being more frequently published than negative ones. 

7. Conclusion 

The silent pandemic of AMR is an important global concern. Patho
gens do not recognize the political borders of countries, making inter
national collaboration essential. Coordinated AMR surveillance and 
control strategies are needed at the global, regional, and local levels. The 
Nordic countries , which have many similarities, can lead in AMR 
wastewater surveillance by adopting common strategies, aligning with 
EU regulations, and adhering to shared sewage effluent quality stan
dards. Standardized methodologies can help in the comparison of spatial 
and temporal trends in ARB and related genes in wastewater monitoring. 
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Sewage analysis for ARB and ARGs complements traditional clinical 
resistance surveillance. It reveals spatial and temporal patterns in 
common ARB and ARG spread and offers early detection of rare resis
tance. However, precise evaluation and interpretation are crucial for a 
comprehensive understanding of WWS. This approach effectively com
municates real-time ARB situations to diverse stakeholders, including 
researchers, clinicians, pharmaceutical developers, and veterinarians. 
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Weijo, I., Lehtinen, J.-M., Lehto, K.-M., Lipponen, A., Oikarinen, S., Pitkänen, T., 
Heikinheimo, A., 2023. Genomic epidemiology of nosocomial carbapenemase- 
producing Citrobacter freundii in sewerage systems in the Helsinki metropolitan area, 
Finland. Front. Microbiol. 14 https://doi.org/10.3389/fmicb.2023.1165751. 

Hendriksen, R.S., Munk, P., Njage, P., van Bunnik, B., McNally, L., Lukjancenko, O., 
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Löfmark, S., Sjöström, K., Mäkitalo, B., Edquist, P., Tegmark Wisell, K., Giske, C.G., 2015. 
Carbapenemase-producing Enterobacteriaceae in Sweden 2007–2013: experiences 
from seven years of systematic surveillance and mandatory reporting. Drug Resist. 
Updates 20, 29–38. https://doi.org/10.1016/j.drup.2015.05.001. 

Majlander, J., Anttila, V.-J., Nurmi, W., Seppälä, A., Tiedje, J., Muziasari, W., 2021. 
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